displacement (RCD) is often an important signature of reinforcement when partially cross-compatible taxa meet in secondary sympatry. In this study, floral evolution is examined during the Holocene range expansion of Clarkia xantiana subsp. parviflora from eastern Pleistocene refugia to a western zone of sympatry with its sister taxon, subsp. xantiana. Floral divergence between the two taxa is greater in sympatry than allopatry. The goal was to test an alternative hypothesis to reinforcement -that floral divergence of sympatric genotypes is simply a by-product of adaptation to pollination environments that differ between the allopatric and sympatric portions of the subspecies' range. † Methods Floral trait data from two common garden studies were used to examine floral divergence between sympatric and allopatric regions and among phylogeographically defined lineages. In natural populations of C. x. parviflora, the magnitude of pollen limitation and reproductive assurance were quantified across its westto-east range. Potted sympatric and allopatric genotypes were also reciprocally translocated between geographical regions to distinguish between the effects of floral phenotype versus contrasting pollinator environments on reproductive ecology. † Key Results Sympatric populations are considerably smaller flowered with reduced herkogamy. Pollen limitation and the reproductive assurance value of selfing are greater in sympatric than in allopatric populations. Most significantly, reciprocal translocation experiments showed these differences in reproductive ecology cannot be attributed to contrasting pollinator environments between the sympatric and allopatric regions, but instead reflect the effects of flower size on pollinator attraction. † Conclusions Floral evolution occurred during the westward range expansion of parviflora, particularly in the zone of sympatry with xantiana. No evidence was found that strongly reduced flower size in sympatric parviflora (and RCD between parviflora and xantiana) is due to adaptation to limited pollinator availability. Rather, floral divergence appears to have been driven by other factors, such as interactions with congenerics in secondary sympatry.
INTRODUCTION
Pollinator-mediated floral divergence is considered to be a primary driver of speciation in plants (Coyne and Orr, 2004; Johnson, 2006) . Simple shifts in flower colour, orientation, scent and form have all been implicated in the evolution of strong reproductive isolation (Fulton and Hodges, 1999; Bradshaw and Schemske, 2003; Ippolito et al., 2004; Kay, 2006; Schiestl and Schluter, 2009; Hopkins and Rausher, 2012; Peakall and Whitehead, 2014; Peter and Johnson, 2014; van der Niet et al., 2014) . These traits confer reproductive isolation primarily because they result in the differential attraction or deterrence of (suites of ) pollinators. Although less commonly studied, mating system transitions may also facilitate the evolution of reproductive isolation (e.g. Martin and Willis, 2007) . Mating systems are well known to be among the most labile traits of plants, with repeated transitions from outcrossing to selfing in many taxonomic groups (Stebbins, 1974; Jain, 1976; Wyatt, 1988; Goldberg and Igic, 2012) . Moreover, mating system transitions are often associated with the recent divergence of sister species and subspecies (Foxe et al., 2009; Busch et al., 2011; Pettengill and Moeller, 2012a ) suggesting a potential role in the evolution of reproductive isolation.
Pollen limitation (PL), which occurs when plants receive less pollen than is necessary for full reproductive success, is often considered to be a driving force in the evolution of mating systems in plants (Stebbins, 1970; Lloyd, 1992; Schoen et al., 1996; Ashman et al., 2004) . PL can be strong when effective pollinators are scarce or when plants occur in small populations or at low density, reducing the probability that mates encounter one another (Lamont et al., 1993; Groom, 1998; Hackney and McGraw, 2001; Moeller, 2004) . One possible outcome of chronic PL is the evolution of traits that promote autonomous selfing and thereby provide reproductive assurance (Pannell and Barrett, 1998; Morgan and Wilson, 2005; Eckert et al., 2006; Dornier et al., 2008) . Experimental field studies have supported the reproductive assurance hypothesis by showing that selfing phenotypes are adaptive under strong PL (e.g. Kalisz et al., 2004; Moeller and Geber, 2005 ; but see Herlihy and Eckert, 2002) and that intraspecific geographical differentiation in mating systems is related to the reliability of plant -pollinator interactions and the reproductive assurance value of selfing (Fausto et al., 2001; Moeller, 2006; Brys et al., 2013) .
Self-fertilization may also evolve because of interactions between pollinator-sharing taxa where their geographical ranges overlap. In particular, mating system differences in sympatry may reduce pollen transfer between taxa (Martin and Willis, 2007; Grossenbacher and Whittall, 2011) . For example, Arenaria uniflora has selfing populations only where it overlaps with a congener, A. glabra, and experimental work showed that interference competition (heterospecific pollen transfer) is the likely mechanism that drove this mating system transition (Fishman and Wyatt, 1999) . In cases where unfit hybrids form between partially isolated taxa with divergent mating systems, the process of reinforcement may drive mating system evolution and reproductive character displacement. Reinforcement is a well-known model of speciation that involves allopatric divergence and secondary contact between taxa with partial, but incomplete, postzygotic isolation (Blair, 1955; Dobzhansky, 1937 Dobzhansky, , 1940 . Under reinforcement, natural selection strengthens premating isolation by favouring traits that minimize the wastage of gametes on the formation of unfit hybrids (Servedio and Noor, 2003) . Evidence of reinforcement in plants has primarily come from systems where a shift in pollinator associations has occurred in sympatry (Levin and Schaal, 1970; Kay and Schemske, 2008; Hopkins and Rausher, 2012; Hopkins, 2013) . It remains unclear whether reproductive character displacement in mating systems may occur as a result of reinforcement selection.
Of the research on reinforcement in plants, we are not aware of studies that have established the geographical and historical context of taxon divergence. Novel floral forms could evolve in allopatry (followed by range expansion to secondary sympatry) or in the face of gene flow among interconnected populations (Harrison, 2012) . By the same token, the exaggeration of floral differences in sympatry (reproductive character displacement) could arise coincident with or prior to secondary contact. For example, floral differentiation during range expansion to the zone of secondary sympatry could result in the exaggeration of differences in sympatry relative to allopatry, inconsistent with expectations of reinforcement selection. These alternative evolutionary histories have important implications for understanding the causes of the initial phases of floral and mating system divergence. To address these questions, field studies aimed at elucidating ecological processes can be coupled with historical reconstructions of population history.
It has been argued that a comprehensive test of the reinforcement hypothesis must include an assessment of alternative hypotheses (Butlin, 1989; Howard, 1993) . Reproductive character displacement may occur due to reinforcement, where selection favours traits that minimize the formation of unfit hybrids, but reproductive character displacement could also occur as a by-product of adaptation to other aspects of the environment. For example, floral phenotype could evolve as a correlated evolutionary response to adaptation to novel soil environments, antagonistic biotic pressures or pollinator communities (Warren and Mackenzie, 2001; Strauss and Whittall, 2006; Schemske and Bierzychudek, 2007; Rausher, 2008; Boberg et al., 2014; Cosacov et al., 2014; de Jager and Ellis, 2014; Gómez et al., 2014; Newman et al., 2014; Sun et al., 2014) where taxa occur in sympatry rather than as a mechanism to minimize hybrid formation. Divergence in floral form and/or mating system and the strengthening of assortative mating between taxa could simply be a by-product of adaptation to a pollinator-poor environment in sympatry rather than reinforcement selection. Although in this example natural selection plays an important role in the evolution of reproductive isolation, floral divergence was not caused by interactions among congenerics. Tests of alternative explanations to reinforcement to explain reproductive character displacement (RCD) are rare in plants (Hopkins and Rausher, 2012) .
Here, we describe a series of studies aimed at dissecting the causes of floral divergence among populations of Clarkia xantiana subsp. parviflora. Specifically, we use field experiments along with the results of phylogeographical analyses to test an alternative hypothesis to reinforcement for floral divergence in secondary sympatry between C. x. parvifora and its sister taxon, C. x. xantiana (hereafter parviflora and xantiana). Subspecies parviflora is a partially selfing annual plant that diverged from its primarily outcrossing progenitor, xantiana, approx. 30 000-65 000 years ago (Pettengill and Moeller, 2012a) . The two taxa are partially cross-compatible (R. D. Briscoe Runquist and D. A. Moeller, unpublished data) and xantiana has considerably larger flowers than parviflora and mating system traits that largely prevent autonomous selffertilization from occurring (Runions and Geber, 2000) . Both taxa exhibit reproductive character displacement, with xantiana flowers larger in sympatry than allopatry (unpublished data) and parviflora flowers smaller in sympatry than allopatry (see below). Molecular population genetic studies have suggested that the taxa diverged with an allopatric phase and that allopatric populations of parviflora are ancestral to sympatric ones (Pettengill and Moeller, 2012b) . Secondary sympatry occurred following Holocene range expansion from eastern Pleistocene refugia to the current western range limit, where xantiana also occurs (Pettengill and Moeller, 2012b) .
We first examined whether floral traits important for plantpollinator interactions and mating systems differed between sympatric and allopatric populations. We also examined the sequence of floral evolution during the process of Holocene range expansion by examining floral differentiation in relation to phylogeographical clusters that represent lineage differentiation during westward range expansion. Second, we conducted floral manipulations across the geographical range of parviflora to compare the magnitude of PL and the reproductive assurance value of selfing between the allopatric and sympatric portions of the range. Finally, we conducted a reciprocal translocation experiment between allopatric and sympatric populations to dissect whether differences in PL and reproductive assurance between regions are caused by adaptation to contrasting pollinator environments or for an alternative reason. If contrasting pollinator environments are a driving force of mating system and floral evolution in parviflora, we would expect both allopatric and sympatric genotypes to experience more pollinator-mediated PL and reproductive assurance in sympatry. Importantly, this translocation experiment distinguishes between the effects of genotype (floral form) and environment, which are often confounded in intraspecific geographical studies of floral differentiation.
MATERIALS AND METHODS

Study system
Clarkia xantiana subsp. parviflora (Eastw.) Harlan Lewis & P. H. Raven (hereafter parviflora) is an annual plant endemic to the southern Sierra Nevada foothills of Kern and Tulare counties of California (Eckhart and Geber, 1999) . Populations occur mainly in open xeric habitats or in pinyon pine-juniper woodlands. Populations are distributed patchily across the landscape, typically occurring in colonies of hundreds to thousands of individuals. Significant distances (e.g. kilometres) often separate colonies and migration between them is limited; population genetic studies indicate high levels of population structure with little contemporary gene flow (Pettengill and Moeller, 2012b) . There is no known active seed dispersal mechanism. Seeds can remain dormant for at least several years (Eckhart et al., 2011) , which may provide an important mechanism for population persistence in the stochastic environment in which it occurs (Eckhart et al., 2011) . Plants germinate with the onset of winter rains, grow through the winter, and flower in the spring between late April and early June (Eckhart and Geber, 1999) .
Clarkia xantiana subsp. parviflora and its progenitor, subsp. xantiana, are largely parapatric with a narrow area of sympatry ( 5 -10 km) located in the environs of the North Fork of the Kern River and Lake Isabella (Fig. 1) . In this zone of sympatry, populations co-occur within the same sites and can be found within metres of one another. In these populations, putative hybrid individuals are occasionally encountered (R. D. Briscoe Runquist and D. A. Moeller, personal observation). Populations of parviflora extend east from the zone of sympatry to the eastern slope of the Sierra Nevada Mountains in a larger zone of allopatry.
Previous phylogenetic analyses have shown that parviflora is a monophyletic group that is derived from within xantiana (Pettengill and Moeller, 2012a) . Approximate Bayesian computation (ABC) models were subsequently used to test alternative divergence histories (e.g. primary vs. secondary contact); Pettengill and Moeller (2012a) found strong support that parviflora diverged from xantiana in allopatry followed by range expansion to a zone of secondary contact (Pettengill and Moeller, 2012b) . Phylogeographical analyses using BEAST (Lemey et al., 2009) further suggested that allopatric parviflora populations are ancestral to sympatric ones. Finally, patterns of population genetic structure assessed using INSTRUCT (Gao et al., 2007) reflect a wave of westward migration from the eastern portion of the range, which palaeodistribution models indicate was probably a refugium during the last glacial maximum (Pettengill and Moeller, 2012b) .
Flowers of parviflora are self-compatible and self-pollination can occur autonomously but outcrossing is possible as well (Runions and Geber, 2000; Moeller, 2006) . Dichogamy varies among populations and genotypes from adichogamy to a brief phase of protandry. In some genotypes, anthers begin to dehisce and stigmas begin to open prior to flower opening. Flowers of parviflora are smaller than that of xantiana. Crossing experiments have shown that the two taxa experience partial crossing failure and it is particularly apparent when parviflora pollen is used to sire xantiana seeds; reciprocal hybrids can be formed and those hybrids are viable and fertile in greenhouse environments (R. D. Briscoe Runquist and D. A. Moeller, unpublished data) . Both Clarkia xantiana subspecies are pollinated by bees; however, bee visitors are less common in parviflora than xantiana populations (Fausto et al., 2001; Moeller, 2006) . Solitary bee pollinators specialized on Clarkia are important to the reproduction of xantiana (Moeller, 2005) , but absent from the allopatric range of parviflora (Moeller, 2006) ; specialists have been observed visiting parviflora in sympatry (Fausto et al., 2001; R. D. Briscoe Runquist and D. A. Moeller, personal observation) . Flower colour is polymorphic in parviflora including pink and white morphs, with some populations containing both morphs and others fixed for a single morph (Eckhart and Geber, 1999) .
Geographical variation in floral morphology
We used floral measurements of plants from 16 populations previously reported for a different analysis in Pettengill and Moeller (2012a; Supplementary Data Table S1 ). These populations span the east-to-west range of parviflora and include the same individuals used for molecular population genetic and phylogeographical analyses (Pettengill and Moeller, 2012a, b) . Briefly, a single seed from five mothers from each population was planted in individual conetainers (Stuewe and Sons, Inc., Tangent, OR, USA). Plants were initially started in environmental growth chambers and then moved to the greenhouse and completely randomized across greenhouse benches. Floral traits were measured on the first two flowers that opened on each plant at stigma receptivity and averaged for further analysis. We measured petal length, petal width, herkogamy and dichogamy. Herkogamy was measured as the distance between the receptive stigma and the closest anther. Dichogamy was measured as the time between long-anther dehiscence and stigma receptivity. We also allowed plants to set fruits through autonomous selfing to quantify autofertility.
We conducted a second greenhouse common garden experiment to verify patterns of floral divergence observed between sympatric and allopatric regions (Supplementary Data Table  S2 ). Here, we more intensively sampled individuals (n ¼ 35 per population) from four sympatric and four allopatric populations chosen to span the east-to-west range of parviflora. We used the same methods for floral measurements and analysis for this study as in the common garden study described above.
First, we used a mixed-model ANOVA to test for differences in floral traits between sympatric and allopatric parviflora populations; the model included region as a fixed effect and population within region as a random effect. Due to a strong correlation between petal length and width, we used principal components analysis to describe the major axes of petal variation and used those scores for the analysis. The first principal component (PC1) described overall petal size and explained approx. 88 and 79 % of the variation in the first and second greenhouse experiment, respectively. The second principal component (PC2) described differences in petal shape (i.e. petals that were thinner than expected based on size; Supplementary Data Table S3 ).
Second, we tested for phenotypic differentiation among phylogeographical clusters identified by INSTRUCT v.3 . 2 . 09
Briscoe Runquist & Moeller -Floral divergence in secondary sympatry 225 (Gao et al., 2007) . Populations were assigned to clusters based on the highest average assignment of all individuals sequenced in Pettengill and Moeller (2012b) for k ¼ 2 and k ¼ 4 clusters (Supplementary Data Table S1 ); k ¼ 4 was the highest level of clustering in the INSTRUCT analysis for which there was statistical support and geographical pattern. We eliminated two populations from our phenotypic analyses because they are located far north (1p) or south (27p) of the region where we conducted the remainder of our experimental work; those two populations also constitute a separate cluster in the k ¼ 4 INSTRUCT analysis and therefore that cluster was dropped from all subsequent analyses (hereafter k ¼ 3). Sympatric and allopatric populations used for floral analysis in the second greenhouse common garden study aligned exactly with phylogeographical clusters (k ¼ 2, sympatric ¼ cluster 1, allopatric ¼ cluster 2; k ¼ 3, sympatric ¼ cluster 1, allopatric ¼ cluster 3, no populations belonged to cluster 2). Therefore, we will present only the regional analysis for this dataset. All analyses were conducted using the lmer function in the lme4 package for mixed model analysis in R (R Core Devlopment Team, 2012 ). Finally, we tested for a relationship between floral traits and autofertility using binomial regression. In the model, fertilized and unfertilized fruits were treated as the binomial dependent variable and population and all floral characteristics (PC1 and PC2 for petal measurements, protandry and herkogamy) were used as independent predictor variables. The size of the population marker is proportional to flower size measured by petal PC1. The colour of the population marker indicates the probability of ancestry for each population estimated by BEAST. The dashed line demarcates the eastern-most range limit of parviflora's sister taxon, C. xantiana subsp. xantiana. The parviflora populations to the west of this line are in the zone of sympatry and those to the east are allopatric. Numbers under each of the population marks indicate the cluster to which the population belongs from INSTRUCT analyses of k ¼ 2/k ¼ 3 (Pettengill and Moeller, 2012a) . Populations marked with an arrow were used in the reciprocal translocation experiment.
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Geographical variation in pollen limitation and reproductive assurance
We performed floral manipulations to assess overall PL, reproductive assurance (RA), and pollinator-mediated pollen limitation. Overall PL is a measure of the extent to which seed set is limited by pollen receipt (from any source) and pollinatormediated PL is a measure of the extent to which seed set is limited by receipt of pollen through pollinator visitation (outcrossing or geitonogamy). Higher values of overall PL indicate that plants have the resources to set more seeds if receipt of pollen were greater, whereas lower values of PL indicate that additional pollen receipt would not increase seed production. RA assesses the extent to which autonomous selfing elevates seed set compared with pollen receipt through pollinator visitation alone. Higher values of RA indicate that plants set a greater proportion of their seeds through autonomous selfing. Manipulations were conducted on naturally occurring plants in 15 populations throughout the range of parviflora during the 2012 flowering season (5 -25 May). Due to dry conditions in 2012, not all populations from Pettengill and Moeller (2012b) had plants to sample; in particular, eastern populations at low elevation were uncommon in 2012. Nevertheless, our geographical sampling still spanned the east-to-west range of parviflora. Eight of the populations were in sites sympatric with Clarkia xantiana subsp. xantiana and seven of the populations were in allopatric areas of the range (Supplementary Data  Table S4 ).
At each population three researchers manipulated plants in a systematic order as we moved through the population and encountered flowering individuals. In most populations, we sampled nearly every plant. Plants received one of three treatments to one flower per plant: (1) supplementation, (2) emasculation, (3) marked and unmanipulated. We have shown that conducting single flower manipulations (rather than whole-plant manipulations) does not bias estimates of PL or RA due to resource reallocation (Briscoe Runquist and Moeller, 2013) . In total, we treated 1302 flowers (mean: 26 flowers per treatment per site) and recovered 1200 fruits; the remaining fruits were lost due to herbivory (i.e. a fruit was collected from every manipulated flower except for those plants and fruits damaged by herbivores). In the supplemented treatment, we applied pollen from two separate donors in succession by swiping collected anthers across the stigmatic surface. Anthers were harvested from plants found a minimum of 3 m away to limit biparental inbreeding. Because parviflora anthers can dehisce before the flower opens, flowers in the emasculation treatment were emasculated prior to opening. Previous work with parviflora has shown that flowers open normally and are not damaged after bud emasculation (Moeller, 2006) . We allowed manipulated fruits to ripen for 2 -3 weeks before collection. When collecting fruits, we determined the total number of fruits made by the plant and the position of the manipulated fruit on the plant. For the analysis, we used the number of seeds per flower as our metric of fecundity.
As with the analyses of phenotypic differentiation, we first tested for differences between allopatric and sympatric regions of the species' range and second tested for differences among phylogeographical (INSTRUCT) clusters. Populations for which we conducted experiments but for which population genetic data were unavailable were assigned to INSTRUCT clusters based on the closest population found in Pettengill and Moeller (2012b) (see Supplementary Data Table S4 ). We conducted two types of analyses based on floral manipulation experiments. First, we used ANOVA to test for differences among treatments (supplemented, unmanipulated, emasculated) , between regions, and the interaction between floral treatments and geographical regions; models also included population within region as a random effect. Greater reproductive success in supplemented than unmanipulated treatments indicates overall pollen limitation of reproduction. Greater reproductive success in supplemented than emasculated treatments indicates that pollinator-mediated delivery of pollen per se limits reproduction (outcross or geitonogamous pollination). More importantly, the comparison of emasculated to supplemented flowers provides an estimate of the potential for outcrossing in a given environment, and allows for comparisons among environments. Last, greater reproductive success in unmanipulated than in emasculated treatments indicates that selfing provides reproductive assurance. A significant interaction between region and treatment would indicate that patterns of mating differ between sympatric and allopatric parviflora.
To compare reproductive ecology between populations, we also calculated an average standardized population summary score for the three metrics of PL and RA. We used populationlevel treatment averages to calculate the proportional increase in seed production of supplemented fruits to unmanipulated fruits for overall PL, supplemented fruits to emasculated fruits for pollinator-mediated PL and unmanipulated fruits to emasculated fruits for RA. Standardization allows us to assess the overall magnitude of the effect and further verify that regional differences in PL or RA are not merely the product of unaccounted for population differences in maximum reproductive potential. We used one-way ANOVAs to test for differences between geographical regions and among phylogeographical clusters for each of the three summary statistics.
Reciprocal translocation experiment
We tested for regional adaptation in mating system by reciprocally translocating allopatric and sympatric genotypes in experimental arrays, conducting floral manipulations, and assessing pollen limitation and reproductive assurance. In May 2011, we constructed experimental populations of plants growing in conetainers (Stuewe and Sons, Inc.) in four field sites during the blooming period of the population: two allopatric sites (20p, 23p) and two sympatric sites (9p, 22p) (see Fig. 1 ). Plants were started in growth chambers and greenhouses at the University of Minnesota using the same conditions as described above for the floral phenotype common garden. The plants were then transported by truck to Kern Co., CA, where they were kept in an outdoor common garden setting when they were not actively used at the experimental field sites. In each experimental site, we constructed two populations that were placed at least 100 m apart: one population of allopatric genotypes from two populations (20p, 23p) and a second population of sympatric genotypes from three populations (9p, 22p, 77p). Allopatric and sympatric genotypes were separated into different arrays to prevent
potential competitive effects of one set of genotypes and because the interaction between genotypes from the two regions was irrelevant to our questions. Populations were constructed using six conetainer racks placed in a circular array and contained 36 plants (six plants per rack) distributed evenly among source populations and rotated systematically through the array. We removed all flowers from plants that had opened before placement in the field and sub-irrigated plants using a cup under each conetainer. On each plant, we applied three different treatments (supplemented, unmanipulated, emasculated); each treatment was applied to one flower per plant. We systematically rotated the order of those treatments among plants. Plants remained in the field until all treatment flowers had senesced, which was approximately 2 weeks at each site. Plants were then moved to a common garden where fruits were allowed to mature and then collected. We allowed fruits to dry and then counted all fully formed seeds. The number of seeds per flower was used as the metric of fecundity for analysis. A companion experiment showed that resource reallocation does not occur among flowers in parviflora because of differences in pollen quantity or quality (Briscoe Runquist and Moeller, 2013) . For each plant, we calculated overall PL, pollinator-mediated PL and RA. Formulas used to calculate these indices are as follows: (1) overall PL: (supplemented seed-set -unmanipulated seed-set)/supplemented seed-set; (2) pollinator-mediated PL: (supplemented seed-set -emasculated seed-set)/supplemented seed-set; and (3) RA: (unmanipulated seed-set -emasculated seed-set)/unmanipulated seed-set. Estimates of overall PL and to a lesser extent pollinator-mediated PL and RA were skewed to the left and led to deviations from normality. To improve normality, we windsorized the data by setting all values in the bottom 5 % of the distribution at the 5 % value (Rivest, 1994) . We used a split-plot mixed-model ANOVA, where the main-plot effect was experimental region (allopatric vs. sympatric) and the sub-plot effects were source genotype region (allopatric vs. sympatric) and their interaction with experimental region. All of those factors were considered as fixed effects. Experimental site nested within experimental region and source population nested within source genotype region were treated as random effects using the lmer function of the lme4 package in R (R Core Development Team, 2012) . In all cases, we report the conservative estimate of degrees of freedom but determinations of significance were the same using anti-conservative degrees of freedom. A significant effect of experimental region on PL or pollinator-mediated PL could indicate that pollination environments differ (e.g. the availability of pollinators or mates for outcrossing). A significant experimental region by source genotype region effect could indicate local adaptation of mating system to regions if local genotypes have reduced PL or increased RA in their home environments.
RESULTS
Geographical variation in floral morphology
We detected significant divergence in parviflora flowers between sympatric and allopatric regions of the species' range. Allopatric flowers had 174 % larger petals (PC1) and 82 % greater herkogamy (Table 1 and Figs 1 -3) . In the second greenhouse common garden experiment, allopatric flowers were significantly larger in three out of the four measured floral characteristics (Supplementary Data Table S5 and Fig. S2 ): flowers had approx. 275 % larger petals (measured by PC1), 288 % greater measures of PC2 (i.e. allopatric petals were less strappy and wider for their length) and 55 % greater herkogamy (Supplementary Data Fig.  S2 ). It is notable that sympatric parviflora flowers are more different from sympatric xantiana flowers (mean petal length 8 . 4 vs. 17 . 0 mm, respectively) than allopatric parviflora flowers (mean petal length 10 . 8 mm).
Floral divergence was evident at both levels of phylogeographical clustering (k ¼ the number of phylogeographical clusters identified by INSTRUCT). Figure 1 shows the cluster to which each population belongs at k ¼ 2 and k ¼ 3. For k ¼ 2, flowers in cluster 2, which includes a subset of allopatric populations, had 128 % larger petals than cluster 1, which includes all sympatric populations and a smaller number of allopatric populations (Table 1 and Fig. 2 ). There was no significant difference in petal shape, protandry or herkogamy (Table 1 ). For k ¼ 3, all three clusters differed significantly in petal size. There was a decline in flower size from east to west, parallelling the sequence of range expansion revealed by phylogeographical clusters (Table 1 and Fig. 3 ). Most notably, two of the populations with the largest flowers had the highest probability of being ancestral from the BEAST (Lemey et al., 2009 ) phylogeography analysis. Similar to k ¼ 2, there were no significant differences among clusters in petal shape, protandry or herkogamy (Table 1 and Fig. 3 ).
Floral phenotype is statistically related to the proportion of flowers that set fruit through autonomous selfing (autofertility). Plants in the first greenhouse experiment with larger values of PC2 (i.e. shorter and wider petals) and reduced herkogamy set a greater proportion of fruit (x 2 ¼ 7 . 537, df ¼ 1, P ¼ 0 . 0060 and x 2 ¼ 4 . 731, df ¼ 1, P ¼ 0 . 0296, respectively). Although PC1 was not significant in this analysis, in a separate model that includes petal length and petal width in the place of PC1 and PC2, both floral characteristics are significantly correlated with autofertility such that plants with shorter and wider petals set a greater proportion of fruits through autonomous selfing.
Geographical variation in PL and RA
Allopatric and sympatric parviflora differed significantly in patterns of PL and RA, as indicated by the significant treatment by region interaction (Table 2a ). In the allopatric region, treatments did not differ significantly suggesting there is no PL or RA (Supplementary Data Fig. S3 ). In the sympatric region, all three treatments differed significantly, indicating both PL and RA (Supplementary Data Fig. S3 ). In sympatry, supplemented flowers set on average 19 % more seed that unmanipulated flowers, indicating that sympatric parviflora suffer from overall PL. However, autonomous self-pollination does provide a mechanism of RA, as unmanipulated fruits set 59 % more seeds than emasculated fruits. There was limited potential for outcrossing in sympatric parviflora as evidenced by supplemented fruits producing 90 % more seed than emasculated fruits (i.e. high pollinator-mediated PL). Differences in PL or RA between regions were not influenced by regional differences in total seed production (Table 2a) .
We also detected differences in PL and RA among the finer-scale phylogeographical clusters (k ¼ 3) but not at the coarser scale (k ¼ 2). For k ¼ 2, as with the regional model, there was an overall treatment effect (Table 2b) ; however, there was a non-significant treatment by cluster interaction (Table 2b and Supplementary Data Fig. S3 ). For k ¼ 3, clusters differed in both the magnitude of seed production and in the pattern of PL and RA. A significant cluster by treatment interaction indicated that clusters differed in patterns of PL and RA (Table 2c) . We found evidence for PL and RA in cluster 1, the western-most, sympatric lineage, but not in clusters 2 and 3, which include primarily eastern, allopatric populations (Supplementary Data Fig. S3 ). Within cluster 1, supplemented flowers set 17 % more seeds than unmanipulated flowers and supplemented flowers set 89 % more seeds than emasculated flowers, indicating overall and pollinator-mediated PL. Unmanipulated flowers set 63 % more seeds than emasculated flowers, indicative of RA.
We find the same patterns when PL and RA are calculated for each population based on treatment means and ANOVAs are conducted on population-level values of PL and RA. When populations are grouped by region, sympatric populations have significantly greater PL and RA (Table 3a) and median values for allopatric populations are nearly zero (Fig. 4) . Although there are similar trends for k ¼ 2, differences were not significantly different (Table 3b and Fig. 4) . At the finer level of clustering (k ¼ 3), cluster 1 populations had significantly greater RA and pollinator-mediated PL and marginally significantly greater overall PL (Table 3c and Fig.4) .
Reciprocal translocation experiment
The reciprocal translocation experiment showed that the differences in PL and RA that we detected between regions in the study of natural populations (above) is due only to the effect of genotype and not due to differences in the pollination environment. Across both sympatric and allopatric experimental sites, sympatric genotypes exhibited consistently greater RA and pollinator-mediated PL than allopatric genotypes (Table 4b , c and Fig. 5) . In both regions, sympatric genotypes had .48 % RA and .49 % pollinator-mediated PL than allopatric genotypes. There was a marginally significant interaction between site region and genotype region for pollinator-mediated PL, where allopatric genotypes had proportionately less pollinatormediated PL in allopatric than sympatric sites (Table 4c , Fig. 5 ).
DISCUSSION
Reproductive character displacement (RCD) between ( partially) compatible plant taxa is considered to be one potentially important outcome of reinforcement selection (Rundle and Schluter, 1998; Coyne and Orr, 2004; Springer and Crespi, 2004) . Although RCD is not uncommon in plants (van der Niet et al., 2006) , for most systems it is poorly understood whether the evolution of RCD has (1) been caused by interactions among congenerics and selection against traits that facilitate hybrid formation (reinforcement) or (2) is a by-product of selection caused by other aspects of the environment that are correlated with the transition from allopatry to sympatry. Here, we test the latter hypothesis for RCD in Clarkia xantiana subsp. xantiana and subsp. parviflora -that the highly reduced floral form (and higher propensity for selfing) and RCD of sympatric parviflora is a byproduct of adaptation to limited pollinator availability in sympatry compared with allopatry. Field experiments in natural populations and reciprocal translocation experiments between allopatric and sympatric regions suggest that pollination environments do not differ substantially between sympatric and allopatric regions. Therefore, the strongly reduced flower size of sympatric parviflora is probably the result of other selective pressures.
Our previous phylogenetic and molecular population genetic studies have shown that xantiana and parviflora recently diverged in allopatry and subsequently came back into contact in secondary sympatry as a result of Holocene range expansion (Pettengill and Moeller 2012a, b) . Specifically, parviflora populations at the far eastern portion of the range had the highest probability of ancestry (Lemey et al., 2009) , and those populations occur where palaeo-distribution models predict suitable habitat was located at the last glacial maximum (Pettengill and Moeller, 2012b) . Population genetic structure occurs across an east-to-west gradient from allopatry to sympatry, with little differentiation from north to south. This population structure is consistent with a pattern of westward range expansion since the last Figure S1 ).
Briscoe Runquist & Moeller -Floral divergence in secondary sympatry 229 glacial maximum. Collectively, this historical information has provided polarity to the patterns of floral evolution we observed in this study. Notably, the most ancestral populations have the largest flowers and most closely resemble the outcrossing sister subspecies, xantiana. From the ancestral, eastern populations to the derived, western populations there is a continuous decline in flower size and herkogamy (anther -stigma distance) from east to west, both of which are associated with greater autofertility in sympatric populations. Our two common garden studies show that this floral variation has a strong genetic basis and that the geographical pattern of floral differentiation is repeatable across independent studies. * * * * * * * * * Floral divergence between regions and phylogeographical clusters (k ¼ 2 and k ¼ 3) for petal size (PC1), petal shape (PC2), protandry and herkogamy. Plots are violin plots where the external lines describe the probability density of the data using a smoothing kernel and the internal boxplot shows the upper and lower 25 and 75 % quantiles. The grey dot in the middle represents the mean. In panels with only one comparison (columns 1 and 2) asterisks denote significant differences (*0 . 05 ≥ P . 0 . 01; **0 . 01 ≥ P . 0 . 0001; ***P ,0 . 0001). In column 3 letters represent significantly different groupings determined by post hoc Tukey tests.
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Previous population genetic studies showed that sympatric populations along a 50 × 5-km zone at the far western edge of parviflora's distribution form a distinct lineage, as determined by INSTRUCT analyses at k ¼ 3 (Pettengill and Moeller, 2012b) . In this study, we showed that this distinct sympatric lineage also has significantly reduced flowers compared with populations that belong to the other phylogeographical clusters. One sympatric population at the northernmost edge of the species' range (6p) is not part of the distinct sympatric cluster and interestingly also does not have the highly reduced flower size characteristic of other sympatric parviflora populations. Our previous molecular population genetic studies suggest that significant introgression has occurred between xantiana and parviflora at this site (Pettengill and Moeller, 2012a, b) . This introgression may have minimized differences between the two taxa in floral phenotypes and at putatively neutral sequenced loci. Introgression may be particularly pronounced at this most northern site because the flowering period of both subspecies can be compressed into a narrower window of time resulting in greater overlap (D. A. Moeller, personal observation).
Floral manipulations in natural populations showed that sympatric populations had greater levels of PL and RA than allopatric populations, suggesting that the potential for outcrossing is more limited for sympatric than allopatric populations. The regional differences in reproductive ecology parallel geographical patterns of variation in floral traits, particularly the east -west gradient in flower size (PC1) described above. Our findings are similar to the results of a series of studies in Collinsia parviflora where the magnitude of RA is correlated with among-population variation in flower size (Elle and Carney, 2003; Kennedy and Elle, 2008) .
Identifying the causes of geographical covariation between floral traits and reproductive ecology is complicated by the fact that two alternative hypotheses are difficult to distinguish with studies of natural populations: (1) pollen limitation and/or reproductive assurance could be strong in small-flowered populations because of the pollination environment ( pollinators or mates limit the potential for outcrossing) or (2) reduced floral traits hinder pollinator visitation even though pollinators are sufficiently available in the environment. In most studies of intraspecific geographical variation in floral form (e.g. Robertson and Wyatt, 1990; Johnson, 1997; Johnson and Steiner, 1997; Moeller, 2006; Perez-Barrales et al., 2007; Alonso et al., 2007) , this problem hampers the ability to distinguish among the possible causes of trait changes. Quantifying geographical variation in pollinator communities or pollinator visitation rates and establishing that they covary with floral variation does not eliminate the possibility that floral differences themselves have subsequently altered interactions with potential pollinators. Reciprocal translocation experiments are important for testing the hypothesis that the pollination environment per se drove the evolution of floral form and for eliminating alternative hypotheses. Reciprocal transplant experiments are the norm for testing for local adaptation to abiotic environments (Leimu and Fischer, 2008; Hereford, 2009) but are less commonly used in studies of adaptation to biotic environments, particularly floral adaptation to pollination environments (but see Boberg et al., 2014; Sun et al., 2014) . In our experiment, plants from the sympatric and allopatric region were reciprocally translocated using replicated artificial populations of potted plants and PL and RA were assessed. We found that genotype and not geographical region was the dominant factor predicting variation in PL and RA. Sympatric genotypes exhibited greater PL and RA than allopatric genotypes in both allopatric and sympatric sites. We did not find a significant effect of geographical region on any metric of reproductive ecology, indicating that pollination environments do not differ substantially between sympatric and allopatric portions of the species' range. Previous work has similarly suggested that pollinator availability does not differ between the allopatric and sympatric portions of the species' range; in fact, specialist bee pollinators, which are among the most effective . Plots are violin plots where the external lines describe the probability density of the data using a smoothing kernel and the internal boxplot shows the upper and lower 25 and 75 % quantiles. The grey dot in the middle represents the mean. Significant differences are denoted by asterisks in panels with only two bars (*0 . 05 ≥ P . 0 . 01; **0 . 01 ≥ P . 0 . 0001; ***P ,0 . 0001). Letters represent significantly different means detected by post hoc Tukey tests. Note that overall PL for k ¼ 3 has a marginally significant difference between clusters 1 and 2 (P ¼ 0 . 08), marked with a plus sign (+). We tested the effects of destination geographical region (sympatric vs. allopatric), which refers to the location of sites where experimental populations were constructed, source region (sympatric vs. allopatric), which refers to plant genotypes in constructed populations, and their interaction on three summary statistics of reproductive ecology: overall pollen limitation (PL), reproductive assurance (RA) and pollinator-mediated PL. Source population nested within source region and experimental site nested within destination region were treated as random factors. Bold values indicate significance of P , 0 . 05.
Briscoe Runquist & Moeller -Floral divergence in secondary sympatry 232 pollinators, are limited only to the sympatric portion of parviflora's range (Fausto et al., 2001; Moeller, 2006) .
Overall, our studies indicate that floral evolution in parviflora occurred during the process of range expansion from eastern Pleistocene refugia to the current western range limit (the zone of sympatry with xantiana). The results of field experiments in natural and reciprocally translocated populations are inconsistent with the hypothesis that floral evolution occurred as an adaptive evolutionary response to local pollinator environments. Instead, we found that sympatric genotypes were more pollen limited and that selfing provided greater reproductive assurance in all environments, presumably because the strongly reduced size of floral organs hindered pollinator visitation. It is difficult to rule out the possibility that mating system evolution occurred as a response to mate limitation, rather than pollinator limitation, during the colonization process involved in westward range expansion. Nevertheless, our results suggest that floral evolution in parviflora occurred as a response to other aspects of the biotic or abiotic environment. One possibility is that interactions between parviflora and its sister taxon, xantiana, via shared pollinators drove the evolution of reduced flower size in parviflora as a mechanism of reinforcement. The apparent reproductive character displacement between the large-flowered xantiana and smaller-flowered parviflora is consistent with the possibility that selection has favoured traits in parviflora that minimize the receipt of congeneric pollen from xantiana and thereby limit the formation of hybrids. We are actively testing this hypothesis using experiments that dissect the contribution of floral variation to rates of hybridization and that quantify the fitness effects of hybridization across the life cycle.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxfordjournals.org and consist of the following. Table S1 . Regional and phylogeographical cluster assigments for populations. Table S2 . Locations and regional assignments for populations measured for floral phenotypes in second detailed common garden experiment. Table S3 . Loadings and variance explained for principal components analysis for petal width and length for flowers from phylogeographical common garden and second common garden experiment. Table S4 . Population numbers and regional and cluster assignments for populations used to assess reproductive ecology. Table S5 . Fixed effects table of ANOVAs for floral characteristic differences between regions for second floral common garden. Figure S1 . Map of all populations in floral and mating system divergence experiments. Figure S2 . Mating system divergence between regions and phylogeographical clusters (k ¼ 2 and k ¼ 3). Figure S3 . Mating system divergence between regions and phylogeographical clusters (k ¼ 2 and k ¼ 3).
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